Zirconium nitride (ZrN) thin films were deposited on NiTi and Si substrates in the 23-570°C temperature range by direct current reactive magnetron sputtering using N 2 /Ar gas mixture. The film hardness, corrosion behavior, phase composition, and texture were determined. The deposited films were composed mainly by the cubic ZrN phase, whose texture varies with substrate temperature, changing progressively from (111) to (200) 
Introduction
Thin film coatings and plasma treatment are well known to improve the mechanical, chemical and magnetic properties of steels and tools [1] [2] [3] . Zirconium nitride (ZrN) is a transition metal (TM) nitride, similar to titanium nitride (TiN), applied to improve the surface properties. Its physical characteristics resulting from both metallic and covalent bonds can combine good electrical and thermal conductivity with high hardness, high melting temperature and chemical inertness. Thin films composed of binary nitrides can present a well-known NaCl type crystalline structure and, like TiN have mechanical properties depending on the crystallographic texture of the deposited film [4] . In all the applications, the lifetime and performance of the coatings are influenced by the control of the microstructure and texture. Despite all the research efforts, the physical mechanisms concerning the evolution of texture and grain growth of the films are not completely clarified. In particular, the texture in polycrystalline TiN and ZrN thin films has different explanations in many published works. Some authors proposed that the texture evolution is governed by the strain energy minimization during the growing process [5] [6] [7] [8] . On the other hand, several authors report that the texture is related with the adatom mobility and the kinetic-driven mechanisms [9] [10] [11] [12] . Other authors found that both the strain energy and the surface energy act in a competition mode during the grain growth. Also, it was suggested for TiN thin films that in the initial stage of growth, the (002) planes were aligned to the substrate surface axis to minimize the surface energy. Furthermore, at later stages, the (002) growth front tilted away from the surface by about 60°to relax the strain, causing the change of the preferred growth direction favoring the (111) planes [13] . Therefore, the explanation of the leading process for the texture of TM nitride thin films remains an issue to be addressed. Besides the mechanical properties that are related with crystallographic texture, the chemical inertness of thin films would also be related with this feature. The chemical inertness in aggressive media is a mandatory feature for biocompatibility of TM nitride thin films. In particular, ZrN thin films have the potential to be used as coating for biomaterials and for bioelectronic devices, due to its biocompatibility together with good electrical, thermal and mechanical properties [14, 15] . Generally, the choice for a biomaterial is made by taking into account its corrosion resistance. However, even with the corrosion protection feature of such materials, the dissolution process that occurs in aggressive media containing chlorine ions can lead to the contamination of the organism with metal ions, affecting the biocompatibility and mechanical properties of a prosthesis [16] . As a consequence, in such applications, as in biomedical implants, severe restrictions are imposed on the materials to be used concerning stability in aqueous solutions with high concentrations of electrolytes. For these reasons, it is mandatory to understand the corrosion behavior of the ZrN thin films on different substrates used as biomaterials and to correlate the chemical inertness with the texture and with the deposition parameters to obtain high corrosion protection maintaining the mechanical resistance. The aim of the present work is to investigate the corrosion resistance and hardness of ZrN thin films deposited at different temperatures on NiTi, C and on Si substrates. We focused in the microstructure in relation with the corrosion and mechanical properties.
Experimental
In order to prepare and characterize the ZrN films, which involves the preparation of the samples for X-ray diffraction analysis (XRD) and electrochemical tests, we choose Si(100) wafer and NiTi as substrates, respectively. The NiTi samples were grounded after being cut and then polished with an alumina suspension up to 0.1 μm of particle size. The samples were then cleaned with acetone in an ultrasonic bath for 30 min. The ZrN thin films were deposited using direct current reactive magnetron sputtering, applying a power of 100 W on a Zr target in Ar/N 2 atmosphere. It was used floating potential bias during deposition and the current density was 0.60 mA/cm 2 . The base pressure in the chamber was 10 − 7 mbar. The substrate temperature was varied from 25 to 570°C maintaining a total pressure of 2 × 10 − 2 mbar with a flux of 5.0 sccm for Ar and 0.88 sccm for N 2 . After the deposition, the samples were slowly cooled in vacuum inside the deposition chamber. In order to study the corrosion behavior of the ZrN coated-NiTi samples, open-circuit potential (OCP) measurements and potentiodynamic polarization tests were performed in a VoltaLab PGZ100 potentiostat/galvanostat. The electrochemical tests were carried out at 37°C in non-deaerated solutions.
The electrolyte was an artificial saliva solution AFNOR S90-701 prepared using analytical grade reagents without previous purification. ZrN-coated-or uncoated-NiTi substrate of circular geometry was employed as the working electrode. For the corrosion tests, the thin film area to be studied was defined by partially covering the sample with an insulating resin. A 0.95 cm 2 area of the sample was exposed to the electrolytic solution. Before each experiment the working electrode was degreased with acetone, cleaned with ethanol, and rinsed with distilled and deionized water. A graphite rod was used as auxiliary electrode and a saturated calomel electrode (SCE) was the reference connected to the cell by a salt bridge and a Luggin-Haber capillary. All potentials mentioned in the text are quoted versus this reference electrode. Potentiodynamic polarization curves were obtained at 1 mV s − 1 scan rate, after 60 min recording the opencircuit potential (OCP). The potentiodynamic polarization started at the value of 250 mV more negative than the OCP and followed to the positive direction of potentials. The breakdown potential-E b (the potential where the passivating film begins to break down) was taken as the value at which the current density sharply increases during the positive potential scan. The hardness and reduced elastic modulus measurements were accessed by nanoindentation tests using a NanoTest-600 equipment manufactured by Micro Materials Ltd., equipped with a three-sided pyramidal diamond tip (Berkovich indenter). The unloading portion of load-depth curves was analyzed, allowing estimating values for film hardness [17] . Nanoindentation tests were performed at a load rate of 0.01 mN.s − 1 and a constant indentation depth of 20 nm. The substrate effect on hardness measurements appears when the indentation depth reaches between 10% and 20% of the total thickness. In order to avoid this effect, we chose the lower limit (10%) to perform our measurements. The elastic modulus was calculated by using a Poisson ratio of 0.16 for ZrN [18] . The crystalline structure of the ZrN films was studied by X-ray diffraction at room temperature with a grazing incidence of 0.6°on an X-ray diffractometer (Shimadzu XRD-6000) with Cu-Kα (λ = 1.54064 Å) radiation (U = 40 kV and I = 30 mA), using as reference XRD data files from ICSD (Inorganic Crystal Structure Database) [19] . On the study of the thickness and the microstructure, scanning electron microscopy (SEM) analysis was used on the cross-section of the samples with a Shimadzu SSX-550 electron microscope. The thickness of the thin films was directly measured from the SEM images. 
Results

XRD results
Fig . 1A shows the XRD patterns for ZrN/NiTi samples prepared with different deposition temperatures. The figure shows the Bragg peaks associated to the ZrN phase (ICSD -167851) and also due to the NiTi substrate (ICSD -646967) [19] . The two most intense reflection planes are (111) and (200) for the ZrN phase and these two peaks present a very interesting behavior. For temperatures up to 400°C, the most relatively intense peak is the (111) at (34.0 2θ), and for temperatures above 400°C, the (200) peaks at (39.4 2θ) is the most relatively intense. This behavior is clearly due to a texture on the ZrN films. For ZrN/Si samples, only the Bragg peaks associated to the ZrN phase were observed as shown in Fig. 1B . In order to study the texture evolution at different deposition temperatures, the texture coefficient P(hkl) i , was calculated by the Harris method [20, 21] . As revealed in Fig. 2 , the ZrN thin films exhibited a relatively strong (111) texture [P(111) > 1] for deposition temperatures from 25°C up to 400°C. For higher temperatures (500 and 570°C) the texture coefficient is P(111) b 1. This clearly reveals the change of the texture towards the (200) planes for deposition temperatures of 500 and 570°C for ZrN thin films deposited on both Si and ZrN substrates. At 570°C no plateau is reached indicating that the texture may evolve with higher temperature.
Film thickness and morphology
The thicknesses for the ZrN thin films deposited at different temperatures are shown Fig. 3 . All the films were deposited for 1 h. The figure shows an apparent increasing on thickness for temperatures up to 400°C and an apparent decreasing for higher temperatures. However, the difference between the thicknesses for all the samples is within 10% and we consider the thickness the same for all the samples.
The microstructure of the films was observed by SEM. Fig. 4 shows the cross-section SEM image for ZrN thin film deposited on silicon substrate over 1 h at 500°C. The microstructure observed has columnar characteristics indicating the preferential direction of growth perpendicular to the surface plane of the substrate [22] . The surface microstructure was analyzed after the deposition processes (not shown) in order to verify the roughness and porosity. All the samples presented the same morphology indicating no influence of the texture on the porosity or on the roughness.
Hardness results
Fig . 5A shows the evolution of the hardness of ZrN thin films as a function of deposition temperature: a clear tendency is observed. On the one hand, the ZrN thin films deposited at temperatures lower than and including 300°C, keep their hardness values around 15 GPa. On the other hand, the ZrN thin films deposited at temperatures higher than and including 500°C keep their hardness values around 19 GPa. Therefore, we can divide the samples into two groups according to the hardness values. In between of both groups of hardnesses, the ZrN thin film deposited at 400°C shows an intermediate hardness of 17 GPa. One can notice that the results were obtained for three different sets of samples with good reproducibility. This behavior may be associated with crystallinity and texture, both temperature-dependent properties, as will be discussed below. /E 2 ratio with the deposition temperature of ZrN thin films. As shown above for hardness behavior, there are also two groups with H 3 /E 2 ratio constant with deposition temperature (T ≤ 300°C and T ≥ 500°C). However, a minimum H 3 / E 2 ratio is observed at 400°C, whereas the hardness reaches an intermediate value (Fig. 5A ).
Electrochemical behavior
Fig . 6A shows the open-circuit potential curves corresponding to ZrN coated-or uncoated-NiTi alloy. It is easily observed that after uncoated-NiTi alloy is immersed into electrolyte solution, the OCPvalues rapidly increase in a few minutes, that characterizes the spontaneous formation of a passive layer at the electrode surface [23, 24] . After around 15 min, the potential remains almost constant at −136 mV. For the ZrN coated-NiTi samples, the curves profile is the same, but the time for the stabilization of the potential is lower. As the deposition temperature increased the OCP-value shifted to negative values. For instance, the OCP-value for the ZrN film obtained at 500°C is −228 mV. This indicates that ZrN coated-NiTi samples have higher tendency to spontaneous passivation than uncoatedNiTi alloy. This corrosion behavior has been attributed to the formation of a thin ZrN x O y and ZrO 2 layer on the top of the ZrN films when the samples were exposed to air [25] . Fig. 6B also points out for the influence of ZrN film and deposition temperature on the corrosion behavior of the studied material. The polarization curve for the uncoated-NiTi alloy is the characteristic of a material that is spontaneously passivated in the simulated body fluid solution used for the corrosion tests. As can be seen, the corrosion rate in the passive region is low (b10
), the potential region over which the NiTi alloy remains passive is of 530 mV. This value was calculated as the difference between the breakdown potential-E b (+70 mV) and the potential-E′ (-460 mV), determined at the beginning of the anodic polarization curve taking into consideration that the polarization curves do not show the ideal active-passive profile. For the ZrN coated-NiTi samples it was observed that E′ shifts to negative values as temperature deposition increases, likely OCP. It is also observed that the material is quickly passivated just after E′ is reached, so the material becomes to corrode more slowly. Hence, for all the ZrN coated-NiTi samples, the corrosion rate in the passive region decreased, the region over which the material remains passive increased and the breakdown potential shifted to more positive values as the deposition temperature increased. Table 1 summarizes the results obtained.
Discussion
All the experimental results evidence a strong correlation with structural evolution of ZrN thin films. In particular, (200)-orientation seems to give the best response in terms of hardness and chemical stability. Thus, the texture evolution and interpretations about the formation of the (200)-orientation will be discussed below.
Several authors observed the texture (111) or (200) on TiN and ZrN thin films with NaCl-type structure and the texture of such structure was governed by the lowest overall total energy conditions, resulting from a critical competition between surface energy and strain energy [7, 26, 27] . Taking into account the texture and corrosion property relationship, some authors attributed the corrosion behavior to the texture and morphology of the surface. On the one hand, the texture affects the surface energy influencing the corrosion reactions. On the other hand, the surface morphology affects the surface area in contact with the corrosive media [28] . As observed by Park and Szpunar [29] when they studied the role of crystallographic texture and morphology on corrosion resistance of zinc based electrogalvanized coatings, they observed that (0001) plane has better resistance against corrosion attack than other planes, because the close packed plane has the lowest surface free energy. Comparing our results for electrochemical tests and for the texture development of the ZrN thin films, the best corrosion behavior was obtained for the (200)-oriented ZrN films. This result is in agreement with those observed by Park and Szpunar once the ZrN (200) planes also have the lowest surface free energy and better corrosion behavior. Also, the thickness of the films seems to play an important role on the texture. As pointed by Oh [7] , the surface energy is dominant in the early stage of film growth, in which the (200) plane has the lowest surface energy and grows faster than other planes, resulting in the (200) crystallographic texture. Beyond a critical thickness, the strain energy begins to be dominant and the (111) texture is developed [7] . In a recent study [25] it was obtained by different film thicknesses for different deposition times, in agreement with those observed by Oh [7] , where the strain energy is dominant beyond a critical thickness and the (111) texture is observed.
However, we believe that in our experiments the thickness does not dictate the texture evolution. This is due to the constant thickness (within 10% of variation) obtained for all the samples in the temperature range used (see Fig. 1 ), maintaining a roughly constant strain. Consequently, the substrate temperature seems to be the driven force governing the texture changes. Contrary of the explanation given by Oh and others, and based on stress analysis, Abadias concluded that the driven force governing the texture changes in TiN and in ZrN thin films was not due to the minimization of the strain energy. It was proposed that kinetic effects are the main driving forces to textural development in TM nitrides deposited by MS and DIBS. Moreover, kinetic effects, in terms of diffusion, depend mainly on temperature.
In our results, the hardness evolution as a function of deposition temperature shows an interesting behavior which can be associated with the crystalline structure. Fig. 1 shows the XRD patterns of ZrN thin films as a function of temperature and Fig. 2 shows the texture dependence on deposition temperature. Indeed, the growth of the thin films of ZrN, is preferential along plane (111) or (200) at low or high deposition temperatures, respectively. Fig. 7 helps to understand that the hardness has a linear relationship with the ratio of the texture coefficients P(111)/P(200). Recently, this hardness anisotropy in TiN, depending on texture, was reported elsewhere [4] . Moreover, the same behavior was already observed in vanadium carbide thin films [30] . On the one hand, in (111) texture, zirconium atoms occupy tetrahedral interstitial sites which are in agreement to tetrahedral coordination when nitrogen atoms are considered as ligands or complex agents according to the crystal field theory [31] . On the other hand, in (200) texture, zirconium atoms occupy octahedral interstitial sites which are in agreement to octahedral coordination when nitrogen atoms are considered as ligands according to the same theory. Moreover, the ligand field stabilization energy for metallic centers in octahedral geometry is higher than in tetrahedral geometry [31] .
Thus, zirconium atoms in octahedral coordination are more stable, energetically speaking, than in tetrahedral geometry. We believe that tetrahedral coordination is formed first at low temperature and, consequently, the texture along planes (111) could be though as a kinetic product. In addition, the increasing temperature produces a higher zirconium mobility and, consequently, the thermal energy allows zirconium atoms reaching the most stable configuration (octahedral coordination) transforming the texture along planes (111) at low temperatures in texture along planes (200) at high temperatures. As shown in Fig. 5A , the transition temperature can be assigned in about 400°C where the hardness achieves intermediate values and significant contributions of both planes (111) and (200) are observed. Indeed, in these temperatures most of transition metals have enough mobility leading to diffuse towards the most stable configuration from a thermodynamic point of view [32] . A more stable system leads to increase the bond strength and, consequently, the hardness of the material which preferentially grows along orientation (200).
The elastic strain to failure (H 3 /E 2 ) criterion, which has been proposed and consistently used to evaluate the resistance to plastic deformation of thin film coatings and to predict their resistance to wear [33] shows a minimum at about 400°C where the transition between both textures takes place. According to the criterion, this minimum indicates a lower wear resistance due to plastic deformation. Strictly speaking, plastic deformation is an atomic mechanism which must involve permanent displacement of a group of atoms (cluster). In our material system, we have two types of cluster: Contrary to the hardness, the corrosion results in this work clearly show a monotonous increasing in corrosion resistance with increasing substrate temperature. Table 1 summarizes the corrosion parameters obtained and there is no evidence of texture influence on corrosion results once there is no abrupt changing in corrosion behavior when the texture changes from (111) to (200). Moreover, the SEM analysis of the surface prior the corrosion tests shows no significant differences on microstructure concerning roughness and porosity. Also, the influence of oxidation, favored by higher temperature during the deposition and after that (when samples were exposed to air), can play an important role in the corrosion resistance evolution. All these, indicates that, in our work, the main point in the corrosion behavior was the oxidation of the surface favored by the higher temperature during the deposition.
Conclusions
Hardness and corrosion behavior of ZrN thin films deposited at different substrate temperatures were evaluated and the results were related with the crystallographic texture development. For relative low deposition temperatures the (111) crystallographic texture was observed. On the other hand, at relative high deposition temperatures, (200) crystallographic texture was observed. The hardness of the films is influenced by the texture. The (200)-oriented ZrN films are harder than the (111)-oriented ZrN films, conferring higher mechanical resistance. Relatively high hardness was obtained with thin films showing (200) texture, and was only achieved for temperatures equal and above 500°C. Also, hardness has a linear relationship with the ratio of the texture coefficients P(111)/P(200). The corrosion behavior was evaluated by potentiodynamic polarization experiments in artificial saliva. The results evidenced that ZrN coated-NiTi alloy has better performance toward corrosion than uncoated-NiTi. Also, (200)-oriented ZrN films have better performance toward corrosion than (111)-oriented ZrN films. Despite the changes in texture of the ZrN thin films, the corrosion resistance increased monotonous with increasing the substrate temperature.
